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Various  supercritical  carbon  dioxide  (S— C02)  cycles  for  a  power  conversion  system  of  a  Molten  Carbonate 
Fuel  Cell  (MCFC)  hybrid  system  are  studied  in  this  paper.  Re-Compressing  Brayton  (RCB)  cycle,  Simple 
Recuperated  Brayton  (SRB)  cycle  and  Simple  Recuperated  Transcritical  (SRT)  cycle  layouts  were  selected 
as  candidates  for  this  study.  In  addition,  a  novel  concept  of  S-C02  cycle  which  combines  Brayton  cycle 
and  Rankine  cycle  is  proposed  and  intensively  studied  with  other  S-C02  layouts.  A  parametric  study  is 
performed  to  optimize  the  total  system  to  be  compact  and  to  achieve  wider  operating  range.  Perfor¬ 
mances  of  each  S-C02  cycle  are  compared  in  terms  of  the  thermal  efficiency,  net  electricity  of  the  MCFC 
hybrid  system  and  approximate  total  volumes  of  each  S— C02  cycle.  As  a  result,  performance  and  total 
physical  size  of  S-C02  cycle  can  be  better  understood  for  MCFC  S-C02  hybrid  system  and  especially, 
newly  suggested  S— C02  cycle  shows  some  success. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  supercritical  carbon  dioxide  (S— C02)  Brayton  cycle  is 
receiving  significant  attention  as  a  promising  future  power  con¬ 
version  system  due  to  its  high  efficiency  under  moderate  oper¬ 
ating  temperature  range  (450—750  °C)  and  compact  size  [1].  The 
main  reason  why  these  advantages  exist  is  because  the  S— C02 
Brayton  cycle  has  lower  compressing  work  than  other  Brayton 
cycles  due  to  its  high  density  and  low  compressibility  near  the 
critical  point  where  it  is  being  compressed.  Furthermore,  C02  has 
less  problems  with  structure  material  than  water  does  which  can 
be  eventually  facilitated  to  reach  higher  turbine  inlet  temperature 
with  less  material  issues  than  a  steam  Rankine  cycle  [1  .  Moreover, 
unlike  the  steam  Rankine  cycle,  the  chemistry  control  and 
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component  cooling  systems  are  relatively  simple  for  the  S— C02 
Brayton  cycle,  which  enables  the  total  system  footprint  to  be 
greatly  reduced. 

The  high  temperature  fuel  cells  such  as  molten  carbonate  fuel 
cells  (MCFCs)  and  solid  oxide  fuel  cells  (SOFCs)  are  being  consid¬ 
ered  as  one  of  the  next  generation  electric  power  sources  because 
of  its  eco-friendliness  and  high  efficiency  advantages.  The  high 
temperature  fuel  cells  can  achieve  high  efficiency  due  to  its  high 
operating  temperature  and  this  high  operating  temperature  is  fol¬ 
lowed  by  high  temperature  exhaust  heat  which  can  be  utilized  as 
another  heat  source  for  other  power  conversion  systems.  Therefore, 
hybrid  systems  such  as  high  temperature  fuel  cells  coupled  to  gas 
turbine  systems  have  been  considered  in  the  previous  works  [2—4], 
Furthermore,  since  a  MCFC  operates  at  temperature  range  of 
600—700  °C,  which  matches  well  with  the  operating  temperature 
range  of  a  S— C02  Brayton  cycle,  the  S— C02  Brayton  cycle  was 
applied  to  MCFCs  as  a  bottoming  cycle  to  improve  the  total  system 
performance  previously  [5,6]  in  addition  to  the  gas  turbine 
coupling  study. 
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It  is  theoretically  demonstrated  that  the  S— CO2  Brayton  cycle 
can  be  a  more  efficient  bottoming  cycle  for  the  MCFC  hybrid  system 
than  the  air  gas  turbine  system  for  the  same  layout  with  Simple 
Recuperated  Brayton  (SRB)  cycle  [6].  However,  various  layouts  were 
recently  developed  for  the  S— CO2  cycle  but  applying  these  recent 
layouts  to  the  MCFC  system  as  a  bottoming  cycle  was  not  exten¬ 
sively  investigated.  Therefore,  in  this  paper,  various  S— CO2  cycles 
are  studied  by  changing  the  design  conditions  such  as  heat 
exchanger  effectiveness  to  understand  and  compare  each  S— CO2 
cycle  performance  and  size  variation  under  the  same  boundary 
condition  which  represents  the  MCFC  waste  heat  condition.  Along 
with  the  SRB  cycle,  a  Simple  Recuperated  Trans-critical  (SRT)  cycle, 
which  has  an  equal  number  of  components  with  the  SRB  cycle  but 
having  a  phase  change  at  heat  emission  section,  is  selected  for  this 
study.  The  Re-Compressing  Brayton  (RCB)  cycle  layout  is  also 
considered,  which  is  widely  known  as  the  most  efficient  S— CO2 
Brayton  cycle  layout  [1],  Additionally,  in  this  study,  authors  are 
suggesting  a  novel  concept  of  S— CO2  cycle,  a  cascading  cycle  of 
S— CO2  Brayton  cycle  with  carbon  dioxide  (CO2)  trans-critical 
Rankine  cycle.  This  S— C02  Brayton  and  Rankine  Cascading  (BRC) 
cycle  concept  is  using  the  waste  heat  of  the  S— CO2  Brayton  cycle  as 
a  heat  input  to  the  C02  Rankine  cycle.  It  was  expected  that  by 
dividing  the  thermal  power  of  the  heat  source  into  the  Brayton 
cycle  and  the  Rankine  cycle  of  the  S— CO2  BRC  cycle  appropriately, 
the  net  system  performance  and  operating  range  can  be  improved. 

Preliminary  studies  of  comparing  performance  of  various  S— CO2 
cycles  will  be  presented  when  each  cycle  is  coupled  to  the  MCFC 
system.  Moreover,  by  sizing  the  total  heat  exchanger  volume,  the 
relationship  of  the  cycle  size  to  the  cycle  performance  will  become 
apparent  as  well.  The  study  is  conducted  by  utilizing  in-house 
codes  built  by  KAIST  research  team. 

2.  Review  of  previous  studies 

Generally,  a  MCFC  is  consisted  with  two  porous  electrodes  and 
an  electrolyte  which  is  located  between  each  electrode,  anode  and 
cathode.  Fig.  1  shows  the  basic  principle  of  a  MCFC,  which  is 
reproduced  from  Ref.  [2],  First,  hydrogen  rich  fuel  feeds  into  the 
anode  side  and  then  it  splits  into  protons  and  electrons.  In  case  of 
electrons,  they  are  not  permitted  to  go  through  the  electrolyte,  so 
negatively  charged  electrons  are  transported  to  cathode  side  via 
external  circuit.  This  electrical  current  generates  electricity  in 


MCFC.  Oxygen  from  air  and  carbon  dioxide  from  the  anode  side  are 
fed  to  the  cathode  side  while  electrons  from  the  anode  side  are  also 
transported.  In  this  reaction,  a  carbonate  ion  is  formed  and  goes 
through  the  electrolyte  to  the  anode  side.  The  negatively  charged 
carbonate  ions  have  a  chemical  reaction  with  the  protons  at  the 
anode  side;  eventually  it  maintains  the  charge  balance  and  pro¬ 
duces  by-products,  water  and  carbon  dioxide.  The  carbon  dioxide 
goes  to  the  cathode  as  mentioned  before  and  then  the  water  is 
exhausted  with  heat,  which  the  waste  heat  can  be  utilized  as  a  heat 
source  for  other  bottoming  cycles  [2],  This  net  process  is  only 
possible  when  the  electrolyte  is  operated  under  sufficiently  high 
temperature  range,  i.e.  above  600  °C  [3], 

The  high  temperature  fuel  cell  and  gas  turbine  cycle  system  can 
be  categorized  into  two  main  types,  direct  and  indirect  systems.  In 
the  case  of  the  direct  hybrid  system,  the  air  for  cathode  side  is 
pressurized  by  compressor  and  the  exhaust  gases  of  the  high 
temperature  fuel  cell  are  integrated  with  an  open  cycle  gas  turbine. 
The  indirect  hybrid  system  can  be  composed  with  open  or  closed 
power  conversion  cycle.  Therefore,  the  waste  heat  from  the  exhaust 
gas  of  fuel  cell  is  transferred  through  a  heat  exchanger  [4],  The 
concept  of  such  system  was  studied  by  various  researchers  previ¬ 
ously  [2—6].  In  case  of  the  S— CO2  closed  Brayton  cycle,  the  indirect 
type  system  is  generally  utilized  due  to  pressure  difference  be¬ 
tween  the  fuel  cell  side  and  the  bottoming  cycle  side.  To  investigate 
the  S— CO2  closed  Brayton  cycle  design,  an  in-house  code,  KAIST- 
CCD,  is  developed  by  KAIST  research  team.  The  code  is  based  on 
MATLAB  and  the  fluid  property  database  is  from  the  NIST  database. 

In  this  study,  the  authors  referred  to  the  previous  study  of  the 
MCFC  operating  condition  [6]  for  the  MCFC  and  S— C02  Brayton 
cycle  hybrid  system  study.  Table  1  shows  the  verification  of  the  in- 
house  code  by  summarizing  the  results  from  both  in-house  code 
and  Ref.  [6].  In  Table  1,  the  reference  values  are  numerical  results, 
which  were  calculated  under  the  assumed  conditions  in  the  pre¬ 
vious  research.  The  calculated  results  from  the  in-house  code  show 
reasonable  agreement  with  the  reference  value.  The  same  condi¬ 
tions  will  be  assumed  in  the  following  analyses. 

3.  S-CO2  cycle  review 

The  S— C02  Brayton  cycle  is  considered  as  one  of  the  most 
attractive  candidates  of  the  waste  heat  recovery  system  due  to  its 
two  notable  advantages;  one  is  its  relatively  high  thermal  efficiency 
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Table  1 

The  validation  of  the  cycle  design  code  [6], 


Reference 

value 

Calculated 

value 

Error 

MCFC 

Current  density  (A  m-2) 

1100 

Area  (m2) 

650 

Pressure/temperature  (bar/K) 

1/923 

Uf  (%) 

75 

UC02  (%) 

70 

Efficiency  (%) 

50.5 

Power  (kW) 

453.72 

S-C02  SRB1  cycle 

Efficiency  (%) 

39.9 

39.6 

0.8% 

Power  (kW) 

129.9 

129.1 

0.6% 

MCFC  and  S—CO2  SRB  cycle  hybrid  system 

Net  efficiency  (%) 

59.4 

59.3 

0.2% 

Net  power  (kW) 

583.6 

582.8 

0.1% 

a  SRB:  Simple  Recuperated  Brayton. 


under  the  moderate  temperature  region  and  the  other  is  inherent 
compactness  of  the  whole  cycle.  The  reason  why  the  S— CO2  Brayton 
cycle  obtains  high  thermal  efficiency  is  because  it  has  both  ad¬ 
vantages  of  Brayton  cycle  which  can  achieve  high  turbine  work  at 
high  temperature  and  Rankine  cycle  which  needs  small  com¬ 
pressing  power.  In  case  of  the  CO2,  it  becomes  more  of  an  incom¬ 
pressible  fluid  near  the  critical  point  resulting  in  low  compression 
work.  Therefore,  the  S— C02  Brayton  cycle  is  usually  utilized  as  a 
power  cycle  system  for  nuclear  power  plants,  concentrated  solar 
power  systems,  coal-fired  plants  and  so  on  [7],  The  S— CO2  Brayton 
cycle  is  characterized  as  a  highly  recuperated  cycle  which  means 
that  the  cycle  requires  a  highly  effective  recuperator  (i.e.,  a  large 
volume  of  C02  to  C02  heat  exchanger)  for  minimizing  heat  rejection 
at  the  cooler  to  achieve  high  thermal  efficiency.  Furthermore,  the 


Waste  heat 


A.  S-CO2  Brayton  and  Rankine  Cascading  (BRC)  cycle 


Waste  heat 


C.  S-CO2  Simple  Recuperated  Brayton  (SRB)  cycle 


optimized  layout  for  high  thermal  efficiency  could  restrict  CO2 
temperature  rise  in  the  heat  receiving  section  [8];  which  reduces 
the  flexibility  of  applying  the  cycle  for  various  working  conditions 
of  MCFC. 

One  of  the  well-known  heat  recovery  systems  is  an  Organic 
Rankine  Cycle  (ORC).  It  is  potentially  feasible  application  for  waste 
heat  recovery  from  gas  turbine  systems,  industrial  plants, 
geothermal  resources  and  so  on  [9],  However,  the  C02  Rankine 
cycle  can  be  very  competing  cycle  to  ORC  in  terms  of  converting 
low-grade  waste  heat  into  useful  work  because  the  temperature 
variation  of  CO2  Rankine  cycle  between  heat  source  and  working 
fluid  is  better  than  that  of  the  other  Rankine  cycles  [10],  Since  the 
C02  Rankine  cycle  experiences  phase  change,  the  minimum  tem¬ 
perature  of  the  CO2  Rankine  cycle  is  determined  by  the  cycle 
minimum  pressure  and  the  CO2  quality  at  the  pump  inlet.  More¬ 
over,  the  cycle  maximum  temperature  of  the  CO2  Rankine  cycle  for 
heat  recovery  are  influenced  by  the  heat  source  while  the  minimum 
temperature  and  pressure  are  set  to  target  values. 

For  this  study,  four  S— CO2  cycle  layouts  were  compared  to  each 
other  while  different  heat  exchanger  effectiveness  was  considered. 
Four  cycles  are:  The  S— CO2  Brayton  and  Rankine  Cascading  (BRC) 
cycle,  Re-Compressing  Brayton  (RCB)  cycle,  Simple  Recuperated 
Transcritical  (SRT)  cycle  and  Simple  Recuperated  Brayton  (SRB) 
cycle.  Each  simplified  cycle  layout  is  represented  in  Fig.  2.  The 
S— C02  BRC  cycle  is  newly  proposed  S— CO2  cycle  in  this  study,  this 
cycle  has  two  S— CO2  layouts  thermodynamically  linked  to 
improve  the  system  performance  by  appropriately  using  the  waste 
heat  of  MCFC  at  each  cycle.  Since  the  S— CO2  BRC  and  SRT  cycles 
experience  phase  change  of  CO2  at  low  temperature  and  low 
pressure  part  of  the  cycle,  a  pump  and  a  condenser  are  required 
unlike  the  other  S— CO2  Brayton  cycles  used  in  this  study.  There¬ 
fore,  different  types  of  pressurizing  turbomachinery  and  heat 
exchanger  are  required  for  both  transcritical  cycles.  The 


Waste  heat 


B.  S-CO2  Re-Compressing  Brayton  (RCB)  cycle 


Waste  heat 


D.  S-CO2  Simple  Recuperated  Transcritical  (SRT)  cycle 


Fig.  2.  Various  S-C02  cycle  layouts  studied  for  this  study  as  a  bottoming  cycle  for  the  MCFC  hybrid  system. 
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uniqueness  of  the  S— CO2  RCB  cycle  compared  to  other  cycles  is 
that  some  portion  of  CO2  flow  is  split  and  compressed  separately 
to  avoid  pinch-point  issues  in  the  recuperator  as  well  as  to 
improve  net  system  performance. 

Fig.  3  shows  the  configuration  of  S— C02  BRC  cycle  in  more 
detail.  The  S— C02  BRC  cycle  is  using  the  two  cycle  configurations; 
the  simple  recuperated  Brayton  cycle  and  the  simple  Rankine 
cycle.  The  Brayton  cycle  part  of  the  S— C02  BRC  cycle  is  connected 
with  the  main  heat  source  (i.e.  MCFC).  The  Rankine  cycle  is 
connected  to  the  Brayton  cycle  via  pre-cooler  to  use  the  waste 
heat  of  the  Brayton  cycle  as  a  heat  input.  Since  the  exhaust  heat  of 
general  S— C02  Brayton  cycle  is  rejected  to  the  ultimate  heat  sink, 
by  utilizing  the  heat  via  CO2  Rankine  cycle,  the  net  system  effi¬ 
ciency  can  be  improved,  and  the  recuperator  in  the  Brayton  cycle 
does  not  need  to  have  high  effectiveness;  eventually  the  volume 
of  the  recuperator  can  be  reduced  while  maintaining  high 
performance. 

Even  though  each  cycle  of  the  S— CO2  BRC  cycle  is  physically 
independent,  it  is  thermodynamically  linked.  Therefore,  since  the 
cycle  operating  conditions  of  each  Brayton  cycle  and  Rankine  cycle 
affect  each  cycle  performance,  the  S— CO2  BRC  cycle  design  pa¬ 
rameters  including  pressure  ratio,  minimum  temperature  and 
others  were  optimized.  The  T—S  diagram  including  the  Brayton  and 
Rankine  cycles  for  the  S— CO2  BRC  cycle  is  shown  in  Fig.  4.  The 
reason  why  C02  Rankine  cycle  is  considered  for  additional  cycle  for 
this  S— CO2  BRC  cycle  is  because  CO2  Rankine  cycle  can  achieve  high 
thermal  efficiency  with  relatively  low  temperature  operating  range, 
therefore  the  CO2  Rankine  cycle  can  effectively  use  the  waste  heat 
of  S— C02  Brayton  cycle. 


The  S— CO2  RCB  cycle  utilizes  two  recuperators  and  two  com¬ 
pressors  as  shown  in  Fig.  5.  The  RCB  cycle  is  known  as  one  of  the 
most  efficient  layouts  for  the  S— CO2  Brayton  cycle  [  1  ].  Reducing  the 
waste  heat  and  increasing  the  recuperated  heat  by  recompressing 
some  portion  of  the  flow  is  the  main  concept  of  the  RCB  cycle  to 
increase  the  cycle  thermal  efficiency  11],  The  T—S  diagram  of  the 
S— CO2  RCB  cycle  is  shown  in  Fig.  6.  In  this  case,  the  main 
compressor  inlet  condition  should  be  near  the  critical  point  of  C02 
to  reduce  the  main  compressor  work.  The  S— C02  RCB  cycle  can 


Fig.  3.  S-C02  Brayton  and  Rankine  Cascading  (BRC)  cycle  operating  conditions  for  75%  and  95%  heat  exchanger  effectiveness  cases. 
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achieve  high  cycle  efficiency  due  to  low  waste  heat  by  using  two 
recuperators.  However,  two  recuperators  occupy  nearly  the  whole 
physical  volume  of  the  cycle  as  it  will  be  demonstrated  in  the 
following  study  as  well  as  shown  in  the  previous  studies  [1], 
Since,  even  the  SRB  cycle  layout  is  considered  as  a  good  option 
for  small  and  medium  size  system  due  to  its  simple  configuration 
and  reasonable  thermal  efficiency,  the  S— CO2  SRB  cycle  and  the 
S— CO2  SRT  cycle  are  evaluated  in  this  study  as  reference  cases. 
Figs.  7  and  8  show  each  cycle  layout,  respectively.  Both  cycle 
configurations  are  similar  with  the  cycle  layout  used  in  the  pre¬ 
vious  studies  [6],  In  case  of  the  S— CO2  SRB  cycle,  the  compressor 
inlet  temperature  is  assumed  to  be  35  °C  so  that  it  is  close  to  the 
critical  point  of  C02.  Whereas  the  minimum  temperature  of  the 
S— CO2  SRT  cycle  is  assumed  to  be  25  °C,  and  this  is  under  the 
critical  temperature  of  CO2  (i.e.  liquid  phase).  This  minimum 
temperature  of  the  S— CO2  SRT  cycle  was  determined  while  the 
bottom  cycle  minimum  temperature  of  the  S— CO2  BRC  cycle  was 
determined  as  well.  Therefore,  the  S— C02  SRT  cycle  has  a  pump 
and  a  condenser  instead  of  a  compressor  and  a  pre-cooler  unlike 
the  SRB  cycle.  Although  configurations  of  both  SRB  and  SRT  cycles 
are  very  similar,  the  operating  condition  of  pressurizing 


turbomachinery  is  at  supercritical  state  for  SRB  (i.e.  compressor) 
and  it  is  in  liquid  phase  for  SRT  (i.e.  pump).  In  case  of  pump,  the 
quality  of  working  fluid  at  pump  inlet  is  a  significant  factor  for 
designing  turbomachinery.  In  other  words  the  low  pressure  and 
low  temperature  section  of  the  two  cycles  are  very  different  and 
therefore,  even  though  the  layouts  are  similar  to  each  other  they 
should  be  considered  as  two  separate  power  cycles.  The  T—S  dia¬ 
grams  of  the  S— C02  SRB  cycle  and  SRT  cycle  are  presented  in  Figs.  9 
and  10,  respectively.  These  T—S  diagrams  roughly  show  that  the 
pumping  (or  compressing)  work  of  the  S— CO2  SRT  cycle  is  lower 
than  that  of  the  S— CO2  SRB  cycle. 

4.  Cycle  performance  evaluation 

The  cycle  performances  including  thermal  efficiency  and  net 
electricity  of  the  selected  S— CO2  cycles  were  calculated  while  the 
heat  exchanger  effectiveness  was  being  varied  under  the  MCFC 
operating  conditions.  Basic  parameters  including  the  heat  input 
from  the  MCFC,  cycle  maximum  pressure  and  performance  of 
components  such  as  turbomachinery  efficiency  and  heat 
exchanger  effectiveness  were  referred  from  the  previous  research 
work  [6],  In  case  of  the  S— CO2  RCB  cycle,  it  is  assumed  that  the 
effectiveness  of  both  recuperators  are  the  same.  It  is  noted  that  the 
RCB  cycle  is  required  to  find  the  optimum  flow  split  ratio  between 
the  total  flow  and  the  main  compressor  flow  when  cycle  design 
condition  changes.  In  this  study,  the  optimum  flow  split  ratio  (i.e. 
ratio  between  the  main  compressor  flow  and  the  total  flow)  is 
defined  as  a  value  which  makes  the  S— CO2  RCB  cycle  to  achieve  the 
highest  thermal  efficiency.  Fig.  11  shows  the  optimum  flow  split 
ratio  for  the  assumed  recuperator  effectiveness.  As  the  result 
clearly  demonstrates  that  0.8  flow  split  ratio  is  optimal  for  the  RCB 
cycle  with  recuperators  below  90%  effectiveness  while  0.75  flow 
split  ratio  is  the  optimum  for  the  cycle  with  recuperators  over  95% 
effectiveness. 

To  compare  each  S— CO2  cycle  performance  under  the  assumed 
parameters,  the  optimized  pressure  ratio  should  be  also  studied 
when  the  cycle  design  conditions  change.  Since  the  compressor  of 
both  S— CO2  RCB  and  S— CO2  SRB  cycles  operate  near  the  critical 
point  of  C02,  the  cycle  minimum  temperature  and  pressure  were 
fixed  to  35  °C  and  7.5  MPa  based  on  the  reference  [6],  However, 
since  the  minimum  temperature  of  the  S— CO2  SRT  cycle  has  to  be 
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Fig.  7.  S— C02  Simple  Recuperated  Brayton  (SRB)  cycle  operating  conditions. 


below  the  critical  temperature,  25  °C  was  assumed.  Thus,  the 
minimum  pressure  should  be  6.43  MPa  (i.e.  Saturation  pressure  at 
25  °C)  whereas  the  cycle  maximum  pressure  is  equally  at  22.5  MPa. 
In  this  study,  to  simplify  the  cycle  analysis,  the  pump  inlet  condition 
of  the  S— C02  SRT  cycle  is  assumed  as  saturated  liquid  condition;  the 
quality  of  C02  is  zero  at  pump  inlet. 

However,  in  case  of  the  S— C02  BRC  cycle,  the  pressure  ratio 
which  enables  the  cycle  to  produce  the  most  electricity  should  be 
chosen  for  both  Brayton  and  Rankine  cycles.  Moreover,  the  pressure 
ratios  of  the  S— C02  BRC  cycle  are  affected  by  not  only  the  effec¬ 
tiveness  of  heat  exchangers  but  also  the  Compressor  Inlet 


Temperature  (C.I.T)  of  the  Brayton  cycle  side.  Therefore,  the  pres¬ 
sure  ratio  of  each  cycle  consisting  the  S— C02  BRC  cycle  was  studied. 

Similar  to  the  S— C02  SRT  cycle,  the  pump  inlet  condition  of  the 
S— C02  BRC  cycle  Rankine  side  is  assumed  at  saturated  liquid  state 
to  simplify  the  cycle  analysis;  the  quality  of  C02  is  zero  at  the  pump 
inlet.  As  a  result,  the  cycle  minimum  pressure  of  the  S— C02  BRC 
cycle  Rankine  side  is  selected  to  be  around  6.43  MPa  to  achieve  the 
target  cycle  minimum  temperature,  25  °C.  Figs.  12  and  13  show  the 
results  of  the  optimum  pressure  ratios,  which  each  cycle  can  ach¬ 
ieve  the  highest  thermal  efficiency  under  the  given  heat  exchanger 
effectiveness  and  the  C.I.T  of  the  Brayton  cycle  side.  It  is  assumed 


Fig.  8.  S — C02  Simple  Recuperated  Transcritical  (SRT)  cycle  operating  conditions. 
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that  the  pre-cooler  effectiveness  of  the  S— CO2  BRC  cycle  is  the  same 
with  the  recuperator  effectiveness.  In  case  of  the  S— CO2  BRC  cycle 
Rankine  side,  since  the  cycle  minimum  pressure  is  fixed  around 
6.43  MPa  (i.e.  saturation  pressure  of  CO2  at  25  °C),  the  cycle 
maximum  pressure  of  the  Rankine  cycle  side  can  be  simultaneously 
obtained  through  the  pressure  ratio  study  as  summarized  in  Fig.  13. 
Collecting  the  results  of  the  pressure  ratio  studies  of  the  S— CO2  BRC 
cycle,  the  net  produced  electricity  of  the  S— CO2  BRC  cycle  is  shown 
in  Fig.  14  for  various  C.I.T  and  heat  exchanger  effectiveness.  To 
normalize  the  net  produced  power  of  the  S— CO2  BRC  cycle,  the 
value  is  determined  as  the  ratio  of  the  net  power  of  MCFC  hybrid 
system  adopting  the  S— CO2  BRC  cycle  to  the  net  power  of  MCFC 
alone  system.  Fig.  14  shows  that  each  case  has  an  optimum  for 
maximizing  the  cycle  performance  for  given  heat  exchanger 
effectiveness.  However,  relatively  high  cycle  maximum  pressure  is 
needed  for  the  Rankine  cycle  side  of  the  S— CO2  BRC  cycle;  even 
exceeding  40  MPa  under  80%  heat  exchanger  effectiveness  cases. 
Such  high  pressures  that  originate  from  high  pressure  ratio  of  the 
Rankine  cycle  side  of  the  S— CO2  BRC  cycle  would  be  fairly  difficult 
to  realize  due  to  many  challenges  associated  with  the  high  pressure 
system.  Thus,  in  this  study,  the  pressure  ratio  around  3.4— 3.5  were 
selected  for  the  Rankine  cycle  side  of  the  S— C02  BRC  cycle  to  as¬ 
sume  reasonable  design  conditions.  Thus  the  cycle  maximum 


(for  main  compressor) 

Fig.  11.  The  flow  split  ratio  study  for  different  recuperator  effectiveness  under  the 
S-CO2  RCB  cycle  operating  conditions. 

pressures  of  the  Rankine  cycle  side  is  restricted  to  22—23  MPa;  the 
maximum  pressure  of  the  Rankine  cycle  side  is  similar  to  the  value 
of  the  Brayton  cycle  side.  The  optimized  design  points  are  also 
shown  in  Figs.  13  and  14  as  red  circular  marks  (in  the  web  version) 
for  given  heat  exchanger  effectiveness.  It  is  worthwhile  to  mention 
that  the  difference  between  the  performance  maximizing  design 
point  (blue  triangle)  and  the  optimized  design  point  (red  circle)  is 
gradually  decreasing  as  the  heat  exchanger  effectiveness  increases 
as  it  is  shown  in  both  Figs.  13  and  14.  For  instance,  for  95%  effec¬ 
tiveness  case,  both  design  points  are  almost  equal  to  each  other. 
After  including  the  optimized  BRC  cycle  result,  Table  2  summarizes 
the  assumed  parameters  of  all  four  S— CO2  cycles  coupled  to  a  MCFC 
system. 

Considering  the  previous  study  of  each  S— CO2  cycle,  the  thermal 
efficiency  of  the  S— CO2  cycles  and  net  system  power  ratio  (i.e. 
generated  power  ratio  between  the  MCFC  &  S— CO2  cycle  hybrid 
system  and  the  MCFC  alone  system)  are  calculated  for  various  heat 
exchanger  effectiveness  as  shown  in  Figs.  15  and  16,  respectively.  In 
case  of  the  S— C02  BRC  cycle,  both  high  pressure  design  and  optimal 
pressure  design  cases  are  shown,  respectively  in  the  figure. 

As  shown  in  the  results,  the  performance  of  the  S— C02  BRC  cycle 
is  higher  than  that  of  the  other  S— CO2  cycles,  except  for  the  case 


Entropy  (kJ/kg  K) 

Fig.  10.  T-S  diagram  of  the  S-C02  SRT  cycle. 


Fig.  12.  The  Brayton  cycle  side  pressure  ratio  study  for  different  C.I.T  and  heat 
exchanger  effectiveness  under  of  the  S-C02  BRC  cycle  operating  conditions. 
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Fig.  13.  The  Rankine  cycle  side  pressure  ratio  study  for  different  C.I.T  and  heat 
exchanger  effectiveness  under  the  S-C02  BRC  cycle  operating  conditions. 


with  low  heat  exchanger  effectiveness.  In  case  of  the  S— C02  RCB 
cycle,  the  performance  is  almost  similar  to  the  S— C02  BRC  cycle; 
even  higher  at  relatively  low  heat  exchanger  effectiveness  range. 
The  S— C02  SRT  cycle  and  S— C02  SRB  cycle  show  similar  trend. 
Table  3  summarizes  the  results  of  various  MCFC  and  S— C02  cycle 
hybrid  systems  studied  in  this  paper  for  95%  heat  exchanger 
effectiveness  condition,  and  the  air  Brayton  cycle  MCFC  hybrid 
system  is  also  shown  [6],  This  result  indicates  that  the  S— C02  cycle 
can  be  very  competitive  to  an  air  Brayton  cycle  in  terms  of  the  cycle 
performance;  even  in  case  of  the  S— C02  BRC  and  RCB  cycles,  the  net 
efficiency  improvement  of  hybrid  system  can  be  more  than  10%  in 
comparison  to  the  MCFC  alone  system. 

To  compare  each  cycle  more  reasonably  a  specific  power,  the 
ratio  of  the  generated  power  to  the  C02  mass  flow  rate,  is  compared 
for  each  S— C02  cycle.  The  specific  power  is  related  to  the  pressure 
loss,  pipe  selection  and  eventually  price  competitiveness  of  the 
cycle.  Fig.  17  represents  the  specific  power  comparison  while  heat 
exchanger  effectiveness  was  being  varied.  In  case  of  the  S— C02  BRC 
cycle,  the  specific  power  is  separately  represented  for  each  cycle, 
the  Brayton  cycle  side  and  Rankine  cycle  side,  because  both  cycles 
are  physically  independent. 


Fig.  14.  The  S— C02  BRC  cycle  net  power  generation  study  for  various  C.I.T  and  heat 
exchanger  effectiveness. 


Table  2 

Assumed  parameters  of  each  S— C02  cycle  [6], 


Parameter 

SRB  cycle 

SRT  cycle 

RCB  cycle 

BRC  cycle 

(Brayton) 

(Rankine) 

Qmcfc  (kWth) 

326 

326 

Pmax  (MPa) 

22.5 

22.5 

22-23 

Tm in  (°C) 

35 

25 

35 

- 

25 

PR 

2.85 

3.31 

2.77 

- 

3.4— 3.5 

m  m 

90 

90 

90 

Vc(%) 

84 

84 

84 

VrW 

75-95 

75-95 

None 

In  cases  of  the  SRT,  SRB  and  RCB  cycles,  the  specific  power 
values  change  very  similarly  with  heat  exchanger  effectiveness. 
The  reason  is  because  as  the  recuperator  effectiveness  improves, 
less  temperature  difference  is  obtained  at  the  heat  exchanger  for 
recovering  MCFC  waste  heat,  which  eventually  leads  to  high 
mass  flow  rate  as  well  as  high  cycle  performance.  Whereas,  the 
S— C02  SRT  cycle  mass  flow  rate  is  relatively  low  due  to  its  large 
temperature  difference  at  the  heat  receiving  section  originated 
from  the  low  cycle  minimum  temperature  which  is  under  the 
critical  point  of  C02.  Therefore,  the  specific  power  of  the  S— C02 
SRT  cycle  is  higher  than  that  of  the  other  S— C02  cycles  used  in 
this  paper. 

On  the  other  hand,  in  cases  of  the  S— C02  BRC  cycle  specific 
power,  a  significant  variation  is  observed  compared  to  the  other 
S— C02  cycle  cases.  Since  both  cycles  consisting  the  S— C02  BRC 
cycle,  the  Brayton  cycle  and  the  Rankine  cycle,  are  designed  to 
achieve  the  highest  efficiency,  the  specific  power  value  of  each 
Brayton  cycle  and  Rankine  cycle  in  the  S— C02  BRC  cycle  is  lower 
than  that  of  other  S— C02  cycles. 

The  analysis  of  the  total  hybrid  system  net  performance  was 
carried  out  while  the  MCFC  side  heat  exchanger  outlet  temperature 
is  being  changed.  The  result  is  shown  in  Fig.  18.  It  is  noted  that  the 
heat  exchanger  effectiveness  was  fixed  at  90%  while  other  param¬ 
eters  were  assumed  to  be  the  same.  The  results  show  gradual  in¬ 
crease  of  the  net  power  while  the  hot  side  outlet  temperature 
decreases  for  all  S— C02  cycle  layouts.  Within  the  considered  tem¬ 
perature  range,  the  S— C02  BRC  cycle  shows  a  good  performance, 
but  it  is  also  very  close  to  the  S— C02  RCB  cycle  performance  as  well. 
The  temperature  of  the  MCFC  waste  heat  side  needs  to  be  above  the 
operating  temperature  of  a  MCFC  to  minimize  the  effect  on  MCFC 
side,  therefore  600  °C  was  chosen  for  the  lower  limit  of  the  tem¬ 
perature  in  this  study. 


Fig.  15.  The  thermal  efficiency  vs.  heat  exchanger  effectiveness  for  various  layouts. 
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Fig.  16.  The  MCFC  with  S-C02  cycle  system  net  power  ratio  vs.  heat  exchanger 
effectiveness  for  various  layouts. 


HX  Effectiveness  (%) 


Fig.  17.  The  specific  power  vs.  heat  exchanger  effectiveness  for  various  layouts. 


5.  Comparison  of  the  total  heat  exchanger  volume  of  each 
S— C02  cycle 

Sine  the  MCFC  hybrid  system  can  be  utilized  as  a  distributed 
power  generation  system,  transportability  can  be  an  important 
issue.  Therefore,  minimizing  total  MCFC  hybrid  system  volume  can 
be  one  of  the  major  design  requirements.  As  mentioned  above,  one 
advantage  of  the  S— C02  cycle  is  that  it  can  have  compact  configu¬ 
ration  due  to  its  small  components  and  simple  layout  1,12,13], 
However,  since  turbomachinery  of  the  S— C02  cycle  is  very  small 
compared  to  the  volume  of  heat  exchangers  [1,13],  the  size  esti¬ 
mation  of  the  S— C02  cycle  is  directly  connected  to  the  heat 
exchanger  design.  Therefore,  from  the  previous  cycle  analysis  re¬ 
sults,  the  total  heat  exchanger  volume  which  includes  recuperators 
and  pre-cooler  or  condenser  can  be  evaluated  and  compared  for 
different  cycles  while  the  heat  exchanger  effectiveness  are  being 
varied. 

Heat  exchanger  design  was  carried  out  by  assuming  that  water 
is  the  pre-cooler  or  the  condenser  cold  side  coolant  acting  as  an 
ultimate  heat  sink.  The  material  of  the  heat  exchanger  was 
selected  to  be  AISI  316  and  all  heat  exchangers  were  assumed  to  be 
the  Printed  Circuit  Heat  Exchanger  (PCHE)  type.  The  reason  is 
because  not  only  the  PCHE  has  high  surface  to  volume  density  but 
also  it  has  a  wide  operating  range  of  pressure  and  temperature  up 
to  40  MPa  and  900  °C  [14].  An  in-house  PHCE  design  code,  KA1ST- 
HXD  developed  by  the  KAIST  research  team,  is  utilized  to  design 
the  PCHE  for  the  S— C02  cycles.  The  KAIST-HXD  is  based  on  MAT- 
LAB  and  the  fluid  property  database  is  adopted  from  the  NIST 
database.  The  KAIST-HXD  assumes  the  PCHE  flow  configuration  as 


Table  3 

Various  MCFC  hybrid  system  performance  comparison  [6], 


MCFC 

Efficiency  (%) 

Power  (kW) 
Bottoming  cycle 

50.5 

453.72 

Coolant 

C02 

Air 

Layout 

SRB 

SRT 

RCB 

BRC 

SRB 

Efficiency  (%) 

39.6 

40.4 

45.1 

46.1 

26.6 

Power  (kW) 

129.1 

131.7 

147.1 

150.1 

86.7 

MCFC  and  bottoming  cycle  hybrid  system 

Net  efficiency  (%) 

59.3 

59.6 

61.1 

61.5 

55 

Net  power  (kW) 

582.8 

585.4 

600.8 

603.8 

540.4 

a  counter  current  flow  heat  exchanger  and  calculates  the  optimal 
design  conditions  to  obtain  the  minimum  volume  that  meets  the 
target  effectiveness  and  pressure  drop  requirement.  However,  the 
in-house  code  is  restricted  to  design  the  PHCE  main  body  only,  so 
other  parts  such  as  headers,  ducts,  and  etc.  are  neglected  from  the 
size  estimation. 

Fig.  19  shows  the  results  of  the  estimated  total  volume  of  heat 
exchangers  of  each  S— C02  cycle.  To  compare  each  S— C02  cycle 
volume  in  a  normalized  form,  the  total  heat  exchanger  volume  of 
each  case  is  divided  by  the  volume  of  SRB  cycle  with  95%  heat 
exchanger  effectiveness  case.  As  shown  in  the  figure,  the  total 
heat  exchanger  volume  of  the  S— C02  BRC  cycle  and  S— C02  RCB 
cycle  are  higher  than  those  of  the  other  cycles  as  expected.  Each 
heat  exchanger  volume  of  investigated  S— C02  cycles  is  summa¬ 
rized  in  Table  4  for  75,  85  and  95%  heat  exchanger  effectiveness 
cases.  As  show  in  Table  4,  since  the  S— C02  RCB  cycle  is  designed 
to  reduce  the  waste  heat  and  increase  the  recuperated  heat  as 
much  as  possible,  it  has  large  recuperators  than  other  S— C02 
cycles.  However,  Table  4  also  shows  that  the  S— C02  BRC  cycle  pre¬ 
cooler  is  larger  than  that  of  the  other  S— C02  cycles.  This  is 
because  the  pre-cooler  of  the  S— C02  BRC  cycle  functions  as  a 


HX  outlet  temperature  (°C) 

(MCFC  side) 

Fig.  18.  The  MCFC  and  S-C02  cycle  hybrid  system's  net  power  ratio  vs.  heat  exchanger 
outlet  temperature  of  the  MCFC  side  for  various  layouts. 
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HX  Effectiveness  (%) 


Fig.  19.  The  total  heat  exchanger  volume  ratio  (i.e.  ratio  of  the  total  HX  volume  of  each 
case  to  that  of  SRB  cycle  using  95%  HX)  vs.  heat  exchanger  effectiveness  for  various 
layouts. 


Fig.  20.  The  thermal  efficiency  vs.  total  heat  exchanger  volume  ratio  for  various 
layouts. 


cooler  for  the  Brayton  cycle  side  as  well  as  a  heat  source  for  the 
Rankine  cycle  side;  thus  it  becomes  similar  to  the  low  tempera¬ 
ture  recuperator  of  the  S— C02  RCB  cycle.  Fig.  19  and  Table  4  show 
that  the  total  heat  exchanger  volume  of  each  cycle  increases  as 
the  heat  exchanger  effectiveness  becomes  higher.  It  is  noted  that 
a  sharp  increase  is  observed  for  the  S— C02  BRC  cycle  heat 
exchanger  volume  when  the  effectiveness  is  in  between  90  and 
95%.  This  is  because  as  the  heat  exchanger  effectiveness  increases, 
the  optimal  C.I.T  of  the  Brayton  cycle  side  is  decreasing  as  shown 
in  Fig.  14;  the  C.I.T  is  the  hot  side  outlet  temperature  of  the  S— C02 
BRC  cycle  pre-cooler.  The  cold  side  inlet  temperature  is  almost  the 
same  regardless  of  the  pre-cooler  effectiveness  because  the  cycle 
maximum  pressure  of  the  Rankine  cycle  side  is  fixed  to 
22—23  MPa  and  the  pump  inlet  pressure  is  also  fixed  to  6.44  MPa 
which  is  the  saturation  pressure  at  25  °C.  Fig.  3  shows  the  two 
cases  of  the  S— C02  BRC  cycle  using  heat  exchangers  with  75%  and 
95%  effectiveness,  respectively.  In  case  of  using  heat  exchanger 
with  75%  effectiveness,  the  temperature  difference  between  the 
hot  side  outlet  temperature  of  the  pre-cooler  and  the  cold  side 
inlet  temperature  of  the  pre-cooler  is  about  54.4  °C,  whereas  for 
95%  case,  just  3.4  °C  difference  exists;  small  temperature  differ¬ 
ence  between  hot  and  cold  sides  will  have  issues  for  designing 
and  manufacturing  the  heat  exchanger. 

For  the  S— C02  SRT  cycle  and  the  S— C02  SRB  cycle,  Fig.  19  shows 
that  volume  difference  is  not  that  significant  for  different  heat 
exchanger  effectiveness  due  to  large  temperature  difference 


Table  4 


Heat  exchanger  volume  of  S— C02  cycles. 

(Unit:  cm3) 

Vr(%) 

Recuperator 

Pre-cooler 

Condenser 

SRB  cycle 

75 

2062 

2100 

85 

3742 

2199 

95 

8909 

2322 

SRT  cycle 

75 

1609 

3226 

85 

2846 

3207 

95 

6607 

2989 

RCB  cycle 

IS 

3006/3727 

2388 

85 

7775/9516 

2562 

95 

20,379/20,897 

2443 

BRC  cycle 

IS 

2646 

3745 

2553 

85 

4792 

8246 

3161 

95 

11,699 

51,770 

2739 

between  heat  exchangers.  The  heat  exchanger  volume  of  both 
S— C02  cycles  is  smaller  than  that  of  the  S— C02  RCB  cycle  and  S— C02 
BRC  cycle  because  simple  recuperated  cycle  layouts  have  smaller 
number  of  heat  exchangers  than  the  other  cycles.  Moreover,  since 
both  simple  recuperated  cycle  layouts  have  lower  mass  flow  rate 
and  higher  temperature  difference  at  the  recuperator  than  the 
S— C02  BRC  cycle  and  S— C02  RCB  cycle,  the  recuperators  of  both 
simple  recuperated  Brayton  and  Rankine  cycles  would  be  relatively 
compact;  eventually  recuperators  with  smaller  volume  are 
designed  as  shown  in  Table  4.  On  the  other  hand,  in  case  of  the 
S— C02  SRT  cycle,  the  volume  of  the  condenser  is  higher  than  the 
pre-cooler  of  SRB  cycle  because  this  cycle  should  achieve  consid¬ 
erably  low  pump  inlet  temperature  of  25  °C  from  the  recuperator 
outlet  condition. 

Fig.  20  shows  the  thermal  efficiency  of  each  S— C02  cycle  while 
the  total  heat  exchanger  volume  is  changing.  The  total  heat 
exchanger  volume  is  indicated  as  the  ratio  (i.e.  ratio  between  the 
total  heat  exchanger  volume  of  each  case  and  that  of  SRB  cycle 
using  95%  effectiveness  heat  exchangers)  as  before.  This  graph  can 
be  considered  as  a  cost  performance  ratio  because  the  total  heat 
exchanger  volume  is  related  to  not  only  the  price  of  the  heat 
exchanger  but  also  the  transportability  of  the  total  system  as  well. 
As  show  in  the  result,  to  achieve  significant  additional  power 
generation  by  the  S— C02  cycle,  the  S— C02  BRC  cycle  or  the  S— C02 
RCB  cycle  can  be  a  good  option.  However,  in  relatively  low  thermal 
efficiency  range,  36—40%,  all  S— C02  cycle  layouts  are  possible 
while  having  small  heat  exchanger  volume.  Especially,  for  the  in¬ 
termediate  performance  condition,  about  40—44%  efficiency 
range,  the  S— C02  BRC  cycle  can  be  a  better  choice  over  the  S— C02 
RCB  cycle,  but  if  the  designer  requires  thermal  efficiency  higher 
than  44%,  competitiveness  of  the  S— C02  BRC  cycle  is  sharply 
decreased  due  to  the  large  pre-cooler.  These  results  are  summa¬ 
rized  in  Table  5.  In  this  table,  optimum  cycle  means  the  cycle 
achieving  the  highest  performance  with  the  same  physical 
volume. 


Table  5 

Each  S— C02  cycle  performance  and  size  result  summery. 

Total  heat  exchanger  volume  ratio  -1  1—3  3- 

Optimum  cycle  SRT  BRC  RCB 
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6.  Conclusions 

In  this  paper,  various  S— C02  cycle  layouts  are  applied  as  the 
bottoming  cycle  for  utilizing  the  waste  heat  of  the  MCFC.  Since  the 
waste  heat  temperature  range  of  the  MCFC  corresponds  well  with 
the  S— C02  cycle,  and  it  has  compact  components  and  simple 
configuration,  the  S— C02  cycle  can  be  a  good  bottoming  cycle  for 
the  MCFC  hybrid  system.  Therefore,  to  compare  the  performance  of 
various  S— C02  cycles,  four  cycles  were  selected  and  studied:  (1) 
Simple  Recuperated  Brayton  (SRB)  cycle,  (2)  Simple  Recuperated 
Transcritical  (SRT)  cycle,  (3)  Re-Compressing  Brayton  (RCB)  cycle, 
and  (4)  Brayton  and  Rankine  Cascading  (BRC)  cycle.  Especially,  the 
S— C02  BRC  cycle  is  newly  proposed  S— C02  cycle  in  this  study,  and 
the  characteristics  of  the  proposed  cycle  were  studied  for  the  first 
time.  This  study  shows  that  all  of  the  analyzed  S— C02  cycles  are 
more  competitive  bottoming  cycle  for  the  MCFC  system  than  the  air 
Brayton  cycle  in  terms  of  the  cycle  performance:  for  example  the 
S— C02  BRC  cycle  and  the  S— C02  RCB  cycle  can  increase  the  net 
hybrid  system  efficiency  more  than  10%  than  the  single  MCFC 
system. 

The  analysis  results  show  that  the  S— C02  BRC  cycle  has  some 
promising  potential  in  terms  of  performance;  thermal  efficiency 
can  be  slightly  higher  or  equal  than  the  S— C02  RCB  cycle  which  is 
known  as  one  of  the  most  efficient  cycle  layouts  for  S— C02  cycle 
previously.  Especially,  it  was  predicted  that  the  S— C02  BRC  cycle 
can  be  the  most  competitive  layout  in  terms  of  the  efficiency  as  well 
as  the  physical  size  when  the  available  heat  exchanger  effectiveness 
is  around  80—90%.  However,  to  achieve  higher  efficiency  by  uti¬ 
lizing  a  heat  exchanger  with  higher  effectiveness  than  90%,  the  total 
heat  exchanger  volume  of  the  S— C02  BRC  cycle  increases  steeply 
due  to  the  rapid  increase  in  size  of  the  heat  exchanger  (i.e.  pre¬ 
cooler  of  the  Brayton  cycle)  that  connects  the  Brayton  cycle  and 
the  Rankine  cycle.  The  reason  is  because  the  connecting  heat 
exchanger  of  the  S— C02  BRC  cycle  acts  as  a  cooler  for  the  Brayton 
cycle  side  and  a  heater  for  the  Rankine  cycle  side  at  the  same  time, 
and  this  function  resembles  the  low  temperature  recuperator  of  the 
S— C02  RCB  cycle. 

Furthermore,  it  was  predicted  that  if  the  available  space  for  the 
bottoming  system  is  restricted,  the  S— C02  SRT  cycle  shows  the  best 
performance  than  other  S— C02  cycles  analyzed  in  this  study  with 
similar  size.  The  S— C02  SRT  cycle  can  be  also  economical  layout  due 
to  high  specific  power.  Since  the  specific  power  is  related  to  the 
pressure  losses,  pipe  selection  and  capital  cost  of  the  cycle,  it  is  one 
of  the  important  factors  which  cycle  designers  should  be  aware  of. 
On  the  contrary  to  the  SRT  cycle,  the  BRC  cycle  has  relatively  low 
specific  power  which  can  be  another  disadvantage  of  the  proposed 
cycle.  Therefore,  if  the  BRC  cycle  is  going  to  be  more  competitive  by 
overcoming  the  specific  power  issue  and  the  heat  exchanger  vol¬ 
ume  issue,  further  optimization  and  innovation  are  required  for  the 
S— C02  BRC  cycle.  It  is  shown  that  no  single  S— C02  cycle  layout  can 
be  successful  for  wide  range  of  design  requirements.  Thus  the  study 
on  the  selection  of  an  appropriate  cycle  layout  and  optimization  of 
the  operating  conditions  are  required  to  maximize  the  performance 
of  the  MCFC  hybrid  system. 

In  this  study,  the  S— C02  cycles  are  designed  to  use  the  waste 
heat  of  the  MCFC  via  a  heat  exchanger,  thus  the  bottoming  cycle  can 


match  the  MCFC  performance  through  re-optimization  if  the  MCFC 
performance  varies  from  the  reference.  However,  even  though  the 
cycle  can  be  re-optimized  for  different  MCFC  design  conditions,  if 
the  operating  top  temperature  does  not  change,  most  of  the  con¬ 
clusions  derived  from  this  study  will  be  still  valid.  This  is  because 
the  cycle  performance  and  physical  size  rises  from  the  genuine 
characteristics  of  the  cycle  layout  itself  and  the  operating  temper¬ 
ature  mostly. 
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Nomenclature 

Uf  fuel  utilization  factor 

He 02  carbon  dioxide  utilization  factor 

t]  efficiency  or  effectiveness 

Qmcfc  fuel  cell  waste  heat 

Pmax  cycle  maximum  pressure 

Imin  cycle  minimum  temperature 

PR  turbine  pressure  ratio 

Subscript 
T  turbine 

C  compressor 

R  recuperator 
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